Abstract-Hybrid and resonant switched-capacitor (SC) converters have the potential to achieve higher power densities than conventional dc-dc converters. This work presents an interleaved, 20 V to 120 V, resonant SC converter which could be used in applications that benefit from high power density and efficiency. The resonant topology of this SC converter enables a compact and efficient design that minimizes losses. We use a new splitphase control scheme that incorporates precisely timed additional transition states to increase the converter efficiency. A two-phase interleaved design increases the output power and simultaneously decreases the output ripple through harmonic cancellation. In addition to experimental evaluation of a 95.7% efficient, GaNbased prototype of this interleaved converter, an analysis of current sharing between interleaved phases is performed.
I. INTRODUCTION
Power densities and efficiency in SC converters are predominantly limited by their poor capacitor utilization, switching losses, and capacitor-to-capacitor charge redistribution losses [1] . Recently, soft-charging [2] , [3] or hybrid [4] - [9] SC converters have shown great promise to reduce the charge redistribution losses and enable increased performance. Reference [10] provides an analytic method that can be used to asses the feasibility of soft-charging (and resonant) operation of any SC topology. In this work, we present an interleaved, resonant SC converter with high power density and efficiency. The proposed converter utilizes a small inductor to achieve resonant zero current switching (ZCS) which reduces switching losses and increases capacitor utilization. Advanced split-phase control [11] , [12] operates the switches in a sequence that minimizes capacitor-to-capacitor charge redistribution losses through the addition of two transition phases that ensures that capacitors are only connected with at least one inductive element in the charging path. Implementing split-phase control is a difficult task due to the precise timing requirements of the different switches. This work expands upon this challenge by implementing split-phase control of two interleaved converters which requires precise synchronization between modules to achieve an accurate 180
• phase shift. Details of this implementation will be explained in this work.
In interleaved designs involving any dc-dc converter, current sharing is an issue that needs to be addressed. If one phase can carry substantially more current than the other, the components will need to be overrated which reduces the power density of the converter. While current sharing in conventional (e.g., buck, boost, etc.) multi-phase power converters is well understood [13] , current sharing in interleaved SC converters (and resonant SC converters [14] ) has been demonstrated [15] but not fully analyzed. A 20 V to 120 V interleaved converter prototype (shown in Figure 1 ) is implemented with the goal of demonstrating interleaved, resonant operation in a split-phase controlled Dickson converter. Moreover, it serves as an experimental verification of the current sharing analysis. Split-phase control with a master and slave micro-controller was successfully implemented at 200 kHz. Resonance was achieved while using this control scheme and allowed for operation at a peak efficiency of 95.7%. Finally, the converter shows excellent current sharing between phases over a wide range of switching frequencies and output loads.
This paper expands on previous work [12] by implementing 978-1-5090-0737-0/16/$31.00 ©2016 IEEE a higher step-up resonant Dickson converter, interleaving multiple stages with split-phase control and is the first to show the inherent current sharing mechanism of interleaved SC converters.
II. TWO-PHASE RESONANT DICKSON CONVERTER
Resonant SC converters are shown to have high efficiencies and high power densities [16] - [21] because of high switching frequencies and the good utilization of the high energy density of capacitors [22] . Resonance is achieved in a Dickson converter by introducing a single inductor at the low voltage side of the converter. This inductor is able to be small because its primary function is to resonate with the capacitors, not to store energy. The switching sequence is controlled such that the current waveform in the inductor is a rectified sinusoid. Figure 2 shows the circuit diagram of a resonant 1:6 Dickson converter. Figure 3 shows the two phases of the circuit in traditional operation. Even numbered switches are closed in Phase 1 (Fig.  3a) , and odd numbered switches are closed in Phase 2 (Fig.  3b) .
In the Dickson step-up topology, switches S 1 − S 5 and S 10 are rated for the input voltage while switches S 6 − S 9 are rated for twice the input voltage. The low switch voltage stress enables high switching frequencies which decreases the volume of capacitors and inductors. Furthermore, capacitor C 1 is rated for V in , C 2 is rated for 2×V in , C 3 is rated for 3×V in , etc. While requiring higher voltage rating than the switches, the physical size of the capacitors is still quite small because of the high switching frequency and the high energy density of ceramic capacitors [23] . Figure 5 show the simulated switching signals of two main converter phases and the inductor current waveform. As can be seen, the current naturally ramps down to zero as one would expect during resonance. Once the current reaches zero, the converter switches its state of operation, thereby achieving zero current switching. ZCS ensures that during the switching transition, the product of current and voltage across a switch is zero. This greatly reduces overall switching losses in the converter and allows for an increased switching frequency without an attendant increase in device losses. While introducing a small inductor at the input source creates resonance, it does not necessarily prevent capacitorto-capacitor charge redistribution among all capacitors. Capacitor-to-capacitor charge redistribution causes large current impulses between capacitors in the two-phase Dickson topology [10] , [11] . For example, when transitioning from Phase 2 to Phase 1, V Cout − V C5 = V C4 − V C3 and similarly, when transitioning from Phase 1 to Phase 2, V C5 −V C4 = V C1 . Figure 5 shows the undesirable switch current transients that result from capacitor-to-capacitor charge redistribution. 
III. SPLIT-PHASE CONTROL
The split-phase control scheme [11] , [12] eliminates the current transients and enables ZCS in all switches. Split-phase control utilizes four phases instead of two to balance charge flow in a Dickson converter. The two additional phases are used as brief waiting periods for the capacitor voltages to equalize before switch transitions. Figure 6 shows the four state sequence for this mode of operation. Figure 7 shows the simulated current waveforms of the converter with split-phase control. Note that the current spike in switch S 5 is eliminated. Here, switch S 5 is controlled by the Phase 2 split-phase signal, and S 10 operates in accordance with the Phase 1 split-phase signal. Circuit diagrams of these four phases are shown in Figure 8 . The converter switching sequence is as follows:
Phase 1b → Phase 1a → Phase 2b → Phase 2a By following the switching sequence described above, voltages can be equalized before transitioning into the next primary 'a' phase. For example, after transitioning from Phase
, S 10 is closed and the load is connected to the converter through C 5 . Since there is no voltage mismatch between capacitors, there will be no current spike. 
IV. INTERLEAVED DESIGN
Interleaving is a technique commonly used to increase the output power of a converter, reduce the input/output voltage ripple, and reduce the size of input/output capacitance. Interleaving also allows for the possibility of phase shedding which is an effective technique to improve the converter light load efficiency. Figure 4 shows an example of a three phase interleaved converter.
In a single-phase step-up switched-capacitor converter (such as the example of Figure 2 ), the converter is connected to the output only during the part of the period when S 10 is closed. The duty ratio of this switch is 0.33 in the split-phase control technique. By having multiple converters phase shifted strategically, the load can be connected to a converter for a longer portion of the time resulting in reduced output voltage ripple. This means the high voltage and correspondingly high volume output capacitor can be smaller.
V. INTERLEAVED RESONANT SC CONVERTER CURRENT SHARING
In [13] it was shown that for an interleaved converter with k phases, the power loss of the system is minimized when the voltage of each phase is equal. Figure 10 shows the DC model of k interleaved buck converters. In the case of [13] , all voltages are equal when the duty cycles of each phase are well matched. Mismatch currents are then a factor of mismatches in power train resistance and component variation that affects the duty cycle. For the majority of SC converters, the conversion ratio is determined by the topology rather than a duty cycle.
A switched-capacitor converter can be modeled as an ideal transformer to model the ideal step-up/down with a resistor on the secondary to model the losses [1] (Figure 9 ). This model can be used in conjunction with the model in [13] to analyze the current sharing mechanism of an interleaved Dickson splitphase converter. Figure 11 shows the current sharing model of the SC converter. As each V k can be shown as equal due to the topology, the current sharing will operate as to minimize the power loss. As for variations in R eq , Figure 12 shows the simulated R eq vs frequency for the Converter 1 Dickson splitphase with the parameters similar to the components given in Table I , in addition to the Converter 2 with a inductor sized 20% smaller.
Assuming all values of flying capacitors are the same, the resonant frequency (f res ) of the 1:6 Dickson converter is:
A change in the inductance, L, or the flying capacitance, C f shifts the resonant frequency, as seen in the second plot of Figure 12 . In this case, the smaller inductor size of Converter 2 yields a higher resonant frequency compared to Converter 1. However, to maintain a constant phase shift, two phases must operate at the same frequency. If the resonant frequencies of the converters are not well matched, then a large mismatch in R eq between the converters results near resonant operation (highlighted in red in Figure 12 . This mismatch in in R eq will result in a mismatch in current sharing, as shown in Figure 13 . Note that the lower R eq of Converter 1 in the red highlighted range results in more current flowing through Converter 1. This results in a peak mismatch from the average of 26.4%, shown in Figure 14 .
While there is a large mismatch in R eq and thus poor current sharing near the resonant frequency, operation above the resonant frequency (highlighted in blue in Figures 12, 13 and 14) exhibits excellent matching in R eq . In this range, R eq is no longer a factor of the resonant frequency but of the loop resistances and topology. In light of this, operating the converter above the maximum resonant frequency of the converter (given the stack-up of component tolerances and derating in capacitance based on voltage [23] ) ensures operation in the "safe" operating range.
Frequency (Hz) While the mismatch due to tolerances of the inductance and capacitance can be mitigated with selection of switching frequency, effect of the converter resistances (capacitor/inductor ESR, switch R on , trace impedance) cannot be. Figure 15 shows the RMS current sharing between two interleaved phases when the ESR of the capacitors/inductors and the R on of all the switches are increased by 20%. Note that even above the resonant frequencies of the converters, there is still a current mismatch. However, the mismatch across all frequencies is less than 10%. In addition, the series resistance in all components contributing to the series resistance would have to be increased by 20% in Converter 2 while all the components in Converter 1 would have to be at nominal. This is an unlikely scenario given how close the phases are physically located, leading to similar thermal conditions. VI. INTERLEAVED EXPERIMENTAL RESULTS Figure 17 shows an annotated photograph of a prototype that was built and tested to validate the interleaved technique with split-phase control. One practical challenge of interleaved SC converters is synchronizing the high number of gate signals of each module 180
• out of phase. This challenge was overcome by synchronizing two TI C2000 micro-controllers utilizing the master-slave synchronization feature to generate the gate signals. Components used for the prototype are given in Table  1 . Note that two flying capacitors of each type were place in parallel, leading to a flying capacitance of 0.2 μF. The converter is able to achieve a 25 V to 150 V conversion with efficiencies at the 20 V to 120 V level shown in Fig.  19 . Note how the efficiency at light load (under 20 W) is better for single phase than in the interleaved converter. This shows that "phase shedding" (turning off a phase) would be an effective technique to improve light load efficiency. While not implemented for this paper, for this converter, light load would be implemented by leaving the converter in Phase 2, with the output disconnected. The converter would be pulsed into Phase 1 for brief periods of time to charge the bootstrap capacitors and to ensure that the flying capacitors do not discharge (specifically C 5 ) and increase the voltage stress on S 10 .
The peak efficiency for the single-stage SC converter is 95.7% (excluding gate driver and control losses) and the maximum power output by this converter is 120 W. The enclosed box power density of this prototype is 314 W/in 3 . Figure 18 shows the resonant currents through the inductors of both phases as well as the switching signals. The shape of the resonant currents match well with simulation results. Note that Figure 18 also demonstrates excellent current sharing between phases with no special control implementation to balance the current. To validate the current sharing over different switching frequencies, Figure 20 shows the measured rms currents over several switching frequencies. Note that in this case, the current deviation from the average stays below 10% through all frequencies. This shows that even though components with 10% or greater tolerances were chosen, the converter still has a good match in and above resonant frequency. From this we can conclude that the resonant frequencies of the converters are approximately the same, as backed up by the well matched resonant waveforms in Figure 18 . To validate the current sharing over a range of loads, Figure 21 shows the measured rms currents through several output loads. The input voltage was set to 15 V and the switching frequency was fixed at 266 kHz. Over all load ranges the current deviation remains below 10%, showing excellent current sharing over a broad range of loads. VII. CONCLUSIONS This work presents a Dickson SC converter which uses two modules operating 180
• out of phase. A split-phase control scheme with resonant operation ensured zero current switching in all switches. We showed how the inherent current sharing mechanism derived for interleaved buck converters can be applied to resonant switched-capacitor converters and the effect of component tolerances. The preliminary prototype developed was capable of 20 V to 120 V conversion at 95.7% peak efficiency with excellent inherent current sharing between phases. Current sharing was measured in both phases over frequency and over load and found to be matched within 10% over all conditions. Through simulation we showed that the converter can be operated above resonant frequency to improve current sharing in spite of resonant component tolerances.
The converter reached a peak power output of 120 W and peak power density of 314 W/in 3 with a 1:6 step up ratio.
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